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bstract
Transition metal nitrides exhibit excellent mechanical properties (hardness and Young’s modulus), high melting point, good chemical stability
nd high electrical conductivity. However, tungsten nitrides still stand aside of the main attention. In our previous study, tungsten nitride coatings
ith different nitrogen content showed excellent wear resistance at room temperature. Nevertheless, many engineering applications require good
ribological properties at elevated temperature. Thus, the present study is focused on the tribological behaviour (friction coefficient and wear rate)
f tungsten nitride coatings at temperature up to 600 ◦C.
The structure, hardness, friction and wear of tungsten nitride coatings with nitrogen content in the range 30–58 at.% prepared by dc reactive
agnetron sputtering were investigated. The tribological tests were performed on a pin-on-disc tribometer in terrestrial atmosphere with Al2O3 balls
s sliding partner. The coating wear rate was negligible up to 200 ◦C exhibiting a decreasing tendency; however, the wear dramatically increased
t higher temperatures. The coating peeled off after the test at 600 ◦C, which is connected with the oxidation of the coating.
2007 Elsevier B.V. All rights reserved.
c
g
C
b
g
w
t
p
s
h
U
deywords: Tungsten nitride; Sliding wear; Oxidation; Elevated temperature
. Introduction
Hard coatings have proven to be an excellent solution to
mprove the wear resistance of mechanical components. Tung-
ten nitride coatings exhibiting hardness higher than 40 GPa
re therefore potential candidates for protective coatings. Sur-
risingly, their friction and wear properties were not tested as
ntensively as other transition metal nitrides, such as TiN or CrN.
evertheless, previous studies have shown that tungsten nitride
oatings exhibit excellent mechanical (adhesion, hardness) and
ribological (wear resistance) properties [1]. The addition of fur-
her elements such as silicon or titanium could further improve
he functional properties [1,2].Recently, a series of tungsten nitride coatings with different
itrogen content (0–55 at.%) was prepared and analyzed [4–6].
n general, the hardness was improved with increasing nitrogen
∗ Corresponding author. Tel.: +351 239 790 700; fax: +351 239 790 701.
E-mail address: albano.cavaleiro@dem.uc.pt (A. Cavaleiro).
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oi:10.1016/j.wear.2007.10.011ontent, in case of -W and -W structures typical of low nitro-
en contents, whereas the inverse occurred for -W2N phase.
oncerning the adhesion, the critical load values, as determined
y scratch-testing, dropped progressively with increasing nitro-
en content while an opposite behaviour was observed for the
ear resistance as a consequence of the formation of a protective
hird-body consisting almost exclusively of tungsten oxide.
Many engineering components are subjected to elevated tem-
erature in tribological conditions during service. High contact
urface temperatures also arise due to the generation of friction
eating, particularly for large sliding speeds and contact loads.
nder these extreme environments, the wear resistance strongly
iminishes, which may lead to the rapid failure of the coating.
hus, it starts to be a priority to know the tribological behaviour
f hard coatings with temperature. In this work, sliding tests were
arried out at elevated temperature to study the friction and wear
roperties of the tungsten nitride coatings. This study was per-
ormed on those W–N coatings which showed previously the
ost promising mechanical and tribological properties at room
emperature [5,6].
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The coating W70N30 clearly exhibited the f.c.c. NaCl-type -
W2N structure with a strong (1 1 1) orientation (Fig. 2). The shift
of the -W2N peak position in relation to the ICDD database
position (ICDD card nr. 25–1257) can be correlated with the high20 T. Polcar et al. / We
. Experimental details
The coatings were deposited by reactive magnetron sput-
ering from a pure tungsten target (99.99% purity) onto steel
ubstrates (DIN X210CrW12) with hardness 62 HRC (about
GPa). The substrates were mirror polished to reach a rough-
ess Ra ≤30 nm. The deposition parameters were as follows:
arget current density of 6 mA cm−2, substrate at floating poten-
ial, slow substrate rotation at 20 rpm, inter-electrode distance
f 65 mm and no external heating with a substrate tempera-
ure lower than 350 ◦C. Before deposition, an ultimate vacuum
ressure better than 2 × 10−4 Pa was reached and the substrates
urface was ion cleaned with an ion gun, as described elsewhere
4]. The total pressure, i.e. sum of partial pressures of argon and
itrogen, was kept constant at 0.3 Pa, and Ar/N2 partial pressure
atio was varied in the range [0.25–1.5]. Two different pump-
ng speeds were used (100 and 200 l s−1), as described below in
ection 3.2. The sputtering time was selected in order to obtain
oatings with thickness about 3m.
A Cameca SX-50 electron probe microanalysis apparatus
EPMA) was used for determining the chemical composition
f the coatings. The structure of the films was analyzed by X-
ay diffraction (XRD) using a Philips diffractometer with Co
 radiation (λ = 0.178897 nm) in Bragg–Brentano configura-
ion. The hardness (H) and Young’s modulus (E) of the coatings
ere evaluated by depth-sensing indentation technique using
Fischer Instruments-Fischerscope H100, with a maximum
ndentation load of 50 mN. The testing procedure includes a
orrection of the experimental results for geometrical defects
f the indenter tip, the thermal drift of the equipment and the
ncertainty in the initial contact, as described in detail elsewhere
7]. The Poisson ratio used for the calculation of the Young’s
odulus was 0.29.
Wear testing was done using a high temperature pin-on-disc
ribometer (CSEM Instruments); the sliding partner was Al2O3
alls with a diameter of 6 mm and a load of 5 N giving a maxi-
um static Hertzian pressure for an elastic contact between the
all and the coating of about 1.5 GPa. The morphology of the
oating surface, ball scars, wear tracks and wear debris were
xamined by scanning electron microscopy (SEM); the chemi-
al analysis of the wear tracks and the wear debris was obtained
y energy-dispersive X-ray analysis (EDS). The profiles of the
ear tracks were measured with a mechanical profilometer (Ten-
or Alpha Step 500). The wear rates of the ball and coating
ere calculated as the worn material volume per sliding distance
nd normal load. The average value of three profiles measured
n each wear track was used to calculate the coating wear
ate.
. Results and discussion
.1. Selection of appropriate candidates for high
emperature sliding testsIn our recent study [6], the tribological properties of tung-
ten nitrides with nitrogen content 0–55 at.% were analyzed at
oom temperature. In general, the coatings could be divided into
F
c5 (2008) 319–326
wo groups with different dominant wear mechanisms. The coat-
ngs with low nitrogen content (up to 15 at.%) exhibited higher
alues of friction coefficient and wear rate, since their sliding
roperties were dominated by abrasive wear and delamination.
he high nitrogen content (33–55 at.%) leaded to a typical three-
ody wear with a thick layer of tungsten trioxide consisting of
mall round particles. The presence of the third-body protected
he coating and significantly decreased the friction; the wear
odes could be described as mild and polishing. The hardness
nd the wear rate of tungsten nitrides are shown in Fig. 1. Three
hemical compositions from the later group were selected for
he tribological tests at elevated temperatures. The reasons for
uch a selection can be summarized as follows:
coatings with high nitrogen content exhibited lower wear;
the high wear resistance of these coatings is caused by the for-
mation of a third-body between the surfaces in contact and the
adhered layer of tungsten trioxide. The elevated temperature
should promote the formation of such layer;
the selected compositions cover coatings with either the high-
est hardness or the lowest friction and wear.
.2. Chemical composition and structure at room
emperature
Two chemical compositions were obtained using 10 and
0 sccm of nitrogen flow: W70N30 and W53N47, respectively.
ince 20 sccm was the limit of the flowmeter, the pumping speed
as reduced from 200 to 100 l s−1 in order to increase the nitro-
en content in the coating up to 58 at.%. It should be pointed out
hat the deposition process is not fully identical with the previ-
us study [4,5], since substrate rotation was applied compared
o the stationary substrate position used before.ig. 1. Hardness and wear rate of tungsten nitride as a function of the nitrogen
ontent [6].
T. Polcar et al. / Wear 26
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to 2θ ≈ 25◦ revealed the superficial oxidation at 500 ◦C, while
XRD patterns of the coatings after annealing at 600 ◦C exhibited
only the m-WO3 structure (WO3 monoclinic phase, ICDD card
nr. 83–0950) with (0 0 2) preferential orientation. The absenceig. 2. XRD patterns of tungsten nitride coatings at different temperatures
* = substrate).
evel of the residual stress, estimated as −5 GPa, in agreement
ith [5].
The XRD diffractogram of W53N47 showed two broad peaks,
hich can be attributed to (1 1 1) and (2 0 0) reflections of the
-W2N phase. With the used sputtering deposition conditions,
oatings of Zones I or T of the Thornton’s model [8] are expected
o be achieved, i.e. a more or less dense columnar morphology.
he coating starts to grow with very small grains with (2 0 0)
rientation; however, further growth is accompanied with the
ormation of large grains with (1 1 1) preferential orientation
9], which matches well the experimental XRD result. As will be
iscussed below, the authors do not expect a significant amount
f the -WN phase in the W53N47 coating, see Fig. 3.
The XRD pattern of W42N58 coating presented in Fig. 2 and in
ig. 3 shows two main diffraction peaks in the 2θ range 20–80◦,
f substrate peaks are not considered. The first peak (at 2θ ≈ 41◦)
s close to the position of the (1 1 1) -W2N plan of the coatings
ith lower nitrogen content. However, the deconvolution of this
eak shown in Fig. 3 could only be done properly considering
wo peaks at 2θ = 40.95◦ and 42.02◦. These contributions can
e attributed to the (1 0 0) plan of the -WN phase and to the
1 1 1) reflection of the -W2N phase (now at the same position
s for W53N47), respectively. The existence of -WN can be
urther demonstrated by the detailed analysis of the broad peak
n the [70–80◦] 2θ range (Fig. 3). The deconvolution allowed
o subtract the narrower peak belonging to the substrate, as can
e supported by its detection at the temperature of 600 ◦C (see
F
i5 (2008) 319–326 321
ig. 2), when all the peaks corresponding to the nitride phases
lready disappeared due to the fully oxidation of the coating.
f the lattice parameter of the cubic -W2N were calculated,
onsidering that the (1 1 1) peak position (2θ ≈ 41◦) belonged
o this phase then, the position of the (2 2 0) plan would be
θcal = 71.67◦, clearly not matching with the experimental peak
hown in Fig. 3. However, if a similar calculation were per-
ormed using (1 0 0) peak of -WN phase, the evaluation of a
arameter of the hexagonal structure would allow calculating
he position of the (1 1 0) plan of -WN as 2θcal = 74.56◦, the
xact position of the broad peak in Fig. 3.
Comparing the XRD patterns of W53N47 and W42N58 coat-
ngs permits demonstrating the absence of -WN phase in case
f the coating with 47 at.% of nitrogen. For this coating, the peak
entered at 2θ ≈ 41◦ is well fitted considering only one function
nd the position of the peak close to 2θ ≈ 73.2◦ corresponds
o the calculated (2 2 0) of -W2N phase. This structural anal-
sis of the tungsten nitride coatings at room temperature is in
greement with other works of the same system. In general, only
-W2N phase was identified in the W–N coatings deposited by
C reactive magnetron sputtering with nitrogen contents up to
5 at.% [3,4,10]. The presence of the hexagonal -WN phase
nly occurred in coatings containing more than 55 at.% of nitro-
en and vestiges of other elements, e.g. oxygen (originated from
he residual atmosphere in RF reactive magnetron sputtering
tudies [11,12], or purposely added to the reactive atmosphere
n DC reactive magnetron studies [13]), or silicon [3].
.3. Structural evolution with temperature
All coating showed similar diffraction patterns from room
emperature up to 400 ◦C. Only a small shift of the XRD peaks
ositions to higher diffraction angles attributed to stress relax-
tion was observed. The presence of small oxide peaks closeig. 3. XRD patterns deconvolution of as-deposited W53N47 and W42N58 coat-
ngs and their deconvolution (* = substrate).
3 ar 265 (2008) 319–326
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f nitride phases clearly demonstrated the entire oxidation of
he coating. It should be pointed out that the XRD patterns
btained after annealing at 600 ◦C were identical for all the tested
oatings.
The indexation of the oxide phases as m-WO3 could be a
atter of discussion. In fact, another interpretation of the tung-
ten oxide structure was considered. Due to high symmetry of
he XRD peak placed at 2θ ≈ 25◦ compared to that shown in
he previous authors work dealing with the oxidation of W–O
oatings [14], the possibility of the formation of a cubic WO3
tructure was analyzed in analogy to the work of Siedle et al.
15]; however, this hypothesis was abandoned due to the lack of
urther support.
.4. Hardness as a function of annealing temperature
The variation of the hardness and the Young’s modulus with
he annealing temperature is shown in Fig. 4. At room temper-
ture, W70N30 was the hardest coating (∼41 GPa), while the
oatings with higher nitrogen content, W53N47 and W42N58,
xhibited similar hardness values close to 30 GPa. The hardness
volution with increasing nitrogen content can be explained by
he synergetic effect of two main factors: decrease of compres-
ive stress and changes in the structure.
ig. 4. Hardness (a) and Young’s modulus (b) of annealed tungsten nitride
oatings.
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vf the W–N coatings. Close symbols correspond to the previous studies [4,5]
nd open symbols to the coatings analyzed in this work. The lines are guides to
he eye.
In the previous work [5], the residual stress measured by the
eflection method was correlated with the corresponding shifts
f XRD peaks; therefore, the residual stress can be estimated in
he recent work from the tungsten nitride peak positions.
Fig. 5 shows the correlation between the variation in the
attice parameter, the residual stress and the hardness values pre-
ented in a previous work (filled symbols) [4,5] for the coatings
ith the -W2N phase. In order to eliminate the influence of the
content on the lattice parameter of the -W2N phase, it should
e remarked that a was calculated by subtracting from the
xperimental a value (determined from the XRD peak position)
he “theoretical” one. This “theoretical” value was evaluated tak-
ng into account the ICDD value indicated for the stoichiometric
omposition of W2N and its linear progressive increase result-
ng of the occupation of the unoccupied octahedral interstitials
f the f.c.c. NaCl type structure of-W2N by nitrogen. As can be
oncluded from Fig. 2, a points of the films studied in present
ork match quite well the trends shown in Fig. 5 (see open sym-
ols), explaining the hardness decrease between W70N30 and
53N47 coatings. The higher N content film, W42N58, led to
he occurrence of the hexagonal -WN phase, structural change
hat did not induce any significant change in the hardness of the
s-deposited films (see Fig. 4).
The increase of the annealing temperature caused a slow
ecrease of the hardness. The difference of the hardness between
he room temperature and 400 ◦C was approximately 8 GPa in
ll the three coatings. Since neither variation of structure nor
xidation was observed, the hardness decrease with tempera-
ure can be attributed to a decrease of the compressive stress,
hich is closely related to the stress relaxation and decrease of
efect density induced by the heating. These effects comple-
ented with the oxidation starting, justify the further drop in
he hardness observed at 500 ◦C. As shown in previous section,
he coatings were fully oxidized at 600 ◦C. As a consequence,
he hardness is constant for all coatings, 6 GPa, value typical for
ungsten trioxide [16].The evolution of the Young’s modulus (E) for tungsten nitride
oatings as a function of the annealing temperature is shown in
ig. 4b). The coatings W70N30 and W53N47 exhibited similar E
alues up to 400 ◦C, close to 380 GPa. At 500 ◦C, the Young’s
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odulus slightly decreased to 310 and 340 GPa, respectively,
nd at 600 ◦C dropped down to 180 GPa, again a value corre-
ponding to WO3 [16]. The Young’s modulus of the coating
ith the highest nitrogen content, W42N58, was lower than that
f the other coatings. In all cases, the values obtained at room
emperature are comparable with those of previous work [6].
To understand the difference in E among the different coat-
ngs, the origin of the Young’s modulus has to be considered.
nlike hardness, the Young’s is an intrinsic property of the mate-
ial depending mainly on the bonding energy between the atoms
17]. Bonding energy is related to the bonding type and the
nter-atomic distance. According to the structural analysis, the
oatings W70N30 and W53N47 showed the same phase, cubic
-W2N, while the hexagonal -WN phase was dominant in the
42N58 coating. The distance between the first neighbours (i.e.
istance between tungsten and nitrogen) is lower for -W2N
tructure (0.2063 nm) than for -WN structure (0.2399 nm).
herefore, the weaker bonding in the hexagonal structure leads
o a lower E value. Since the structure is stable up to 400 ◦C,
o variation in E value was observed. The decrease of E at
00 ◦C is a result of the surface oxidation and the lowest value
f E (E = 180 GPa, measured on samples annealed at 600 ◦C)
s attributed to the tungsten oxide layer (the value is typical of
O3 [16]).
.5. Friction and wear
The average friction coefficient and the wear rate as a func-
ion of the testing temperature of the coatings are presented in
ig. 6. Both the friction and wear exhibited similar trends for
ll the coatings. The friction increased from the lowest level
0.25–0.44] at room temperature to a maximum in the tempera-
ure range from 200 to 300 ◦C. A further rise in temperature was
ollowed by a small decrease of the friction. Considering the
rror of the measurement, the friction value was almost identi-
al at 300 and 400 ◦C for all nitrogen contents, while the lowest
riction was exhibited by W42N58 coating at temperatures up to
00 ◦C and by W70N30 coating at the temperature of 500 ◦C.
ig. 6. The friction coefficient (open symbols) and the wear rate (close symbols)
f the tungsten nitride coatings as a function of temperature.
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The worn volume was almost not measurable up to 200 ◦C
nd then increased for higher temperatures. Fig. 6 clearly shows
hat the wear resistance at elevated temperature increased with
he nitrogen content in the coatings. All coatings tested at 600 ◦C
ere worn out after the test; thus, the friction and wear data are
ot presented.
.6. Wear track analysis
The wear tracks produced at room temperature showed a
trong layer of tungsten oxide adhered on their borders; only on
he central groove, direct contact between the ball and the tung-
ten nitride took place. This result is identical to that achieved in
previous study [6]. The adhered layer on the side started to dis-
ppear with increasing temperature and vanished at 300 ◦C. The
entral part of the wear tracks, uncovered at room temperature,
ecame covered by isolated isles of tungsten oxide at 200 ◦C. At
00 ◦C, the isles started to join forming long straps. The wear
racks produced on different tungsten nitrides were very similar
n the range of 20–200 ◦C, while significant differences were
bserved at higher temperatures.
Fig. 7a shows a detail of the central part of the wear track
roduced on the coating W70N30 when sliding at 300 ◦C. Small
ateral cracks originating from the centre of the wear track can
learly be observed below the adhered tungsten oxide layer
see the arrow pointing a typical crack). The cracks occurred
n the entire wear track at 500 ◦C, as shown in Fig. 7b, and
he iron signal detected by EDS revealed the local destruc-
ion of the coating. However, the cracks are very narrow and
hus “hidden” to the mechanical profilometer. Consequently,
he real value of the wear rate for 500 ◦C should be slightly
igher compared to the values shown in Fig. 6. Surprisingly,
he profilometer revealed the presence of high “walls” on the
ides of the wear track, which were identified as tungsten nitride
Fig. 7b).
The wear tracks of W53N47 and W42N58 coatings were almost
dentical in all temperature range. At 300 and 400 ◦C, the first
amages appeared in the wear tracks, as shown in Fig. 8a. The
artial destruction of the coating always occurred under the
dhered tungsten oxide layer. It should be pointed out that only
hree or four similar local defects were found along the entire
ear track. Further rise in the temperature to 500 ◦C brought a
adical change, since the adhesive tungsten oxide vanished and
ong straps showing a severe damage were observed inside the
therwise smooth wear track Fig. 8b.
. Discussion
The structural and hardness analysis shows that the evolution
f the wear rate with increasing the temperature cannot be con-
ected exclusively with either the oxidation or the considerable
oftening of the coating. The increase of the wear rate in range
00–400 ◦C for W70N30 is a typical example of such behaviour,
ince both hardness and structure are almost identical in this tem-
erature range. The identification of the tungsten nitride wear
echanisms at elevated temperature is a very difficult task. The
nly in situ measured parameter is the friction coefficient, which
324 T. Polcar et al. / Wear 265 (2008) 319–326
Fig. 7. SEM micrographs in BSE mode of the wear tracks and corresponding profiles of W70N30 coating; (a) 300 ◦C; (b) 500 ◦C. The frame in the upper right shows
detail.
Fig. 8. SEM micrographs of the damaged part in the centre of the wear tracks of the coating W42N58; (a) 300 ◦C; (b) 500 ◦C. The frame in the upper left shows the
overall view of the wear track with the corresponding profiles shown in the right side of the figure.
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s directly dependent on the wear process and, obviously, can-
ot be used for the wear analysis. The evolution of the wear rate
ith the number of laps, i.e. the actual wear track profile, could
ot be measured in situ, since the maximum penetration depth
s very low (usually less than 300 nm), and precise profilome-
er cannot be applied due to the high temperature. To measure,
fter testing, the profile of the wear tracks produced under the
ame conditions with an increasing number of laps is practically
mpossible, since it would require an almost unlimited set of
amples. The actual hardness values at elevated temperatures
re unknown and can only be estimated; moreover, the surface
xidation originating either from sliding or elevated tempera-
ure decreases the hardness significantly, since the hardness of
ure tungsten oxides coatings is about 6–7 GPa [16]. Therefore,
he discussion about the possible wear mechanisms at elevated
emperature is in many points speculative.
The observation of the wear track showed the moving of the
osition of the adhered oxide layer with increasing tempera-
ure. The thick layer localised in the wear track sides at room
emperature disappeared and a thin layer of tungsten oxide was
ormed in the centre of the wear tracks at 300 ◦C. Moreover, the
rst cracks appeared in all coatings at this temperature and they
ere always located in the zone with oxide layer. Based on the
esults presented above, the following model for the wear was
dopted:
(I) Room temperature:
The sliding process causes oxidation of the asperities in
the contact. However, the oxidation is limited to the surface
of the asperity, since the energy is dissipated very quickly
(flash temperature can reach hundreds of ◦C, but it last less
than a few milliseconds [18]). The oxidised asperity signif-
icantly expands due to the difference in the specific volume
of the nitride and the oxide of tungsten (WO3 is 2.25 times
less dense than tungsten nitride, ρWO3 = 7.2 g cm−3 and
ρWN = 16.2 g cm−3 [6]). Furthermore, this modified mate-
rial is much softer than the bulk coating being easily worn
out and producing wear debris consisting of fine tungsten
oxide particles, which adhere on the sides of the wear track
forming a protective layer. The direct contact between the
coating and the ball occurs only in the central groove (for
more details see [6]).
(II) 300–400 ◦C:
The wear debris does not adhere anymore on the sides
of the wear track and it is driven away. Compared to
room temperature, the contact area decreases and, con-
sequently, the contact pressure increases. The frictional
energy together with the elevated temperature is sufficient
to oxidise the coating, a few nanometers in-depth. The
oxidised asperities can expand freely, whereas the area for
expansion of the oxidised surface is limited. The oxidised
surface rises up and will be more likely in contact with
the ball surface during the following laps than the non-
oxidised surface and, thus, will undergo a higher contact
pressure. Moreover, the surface oxidation produces high
internal stresses in the coating due to the referred different
density of the tungsten nitrides and oxides, which leads,
R5 (2008) 319–326 325
in combination with the stresses induced by the sliding, to
the crack formation.
III) 500 ◦C:
At this temperature the coating surface oxidises sponta-
neously as revealed by XRD and optical observation (the
coatings start to change the colour at approx. 450 ◦C). The
formation of tungsten oxide in the cracks causes additional
stresses giving rise to their propagation and making pos-
sible that, eventually, small chipping occurs leaving the
substrate uncovered.
The evolution of the friction supports the proposed model.
he initial value is the lowest, since the contact is represented
ainly by the adhered tungsten oxide. As the adhered layer dis-
ppears with increasing temperature, the friction rises, as it is
bserved. The friction stabilises in the range 300–400 ◦C, since
here is no significant change observed in the wear tracks of the
ndividual coatings. The value of the friction coefficient mea-
ured at 500 ◦C cannot be strictly considered as representing the
ungsten nitride (or oxide), since the coatings are partially worn
ut. However, when the substrate without coating was tested
ith Al2O3 ball at 500 ◦C, the friction coefficient was close to
.5. Therefore, no rapid change of the friction coefficient due to
he coating failure could be expected.
. Conclusions
Three tungsten nitride coatings with 30, 47 and 58 at.% of
itrogen were deposited by reactive magnetron sputtering. All
oatings exhibited the cubic -W2N phase; however, the hexag-
nal -WN phase also appeared and became dominant when the
itrogen content was 58 at.%. The increasing temperature did
ot affect significantly the structure up to 400 ◦C. At 500 ◦C,
he presence of weak oxide peaks revealed a surface oxida-
ion and a further increase of the temperature led to the entire
xidation of the tungsten nitride coating. The hardness mea-
ured after annealing slightly decreased with temperature and
ropped to 6 GPa for 600 ◦C, a value typical for tungsten triox-
de. The tribological performance of the coatings is excellent up
o 300 ◦C with no measurable wear. Further increase in the tem-
erature dramatically changed the wear mechanisms causing a
evere coating damage in the centre of the wear track. The entire
xidation of the coating at 600 ◦C is detrimental for the wear
esistance.
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